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Small deletions were introduced into DNA plasmids bearing cDNA copies of Mahoney type 1 poliovirus RNA.
The procedure used was similar to that of P. Hearing and T. Shenk (J. Mol. Biol. 167:809-822, 1983), with
modifications designed to introduce only one lesion randomly into each DNA molecule. Methods to map small
deletions in either large DNA or RNA molecules were employed. Two poliovirus mutants, VP1-101 and
VP1-102, were selected from mutagenized populations on the basis of their host range phenotype, showing a

large reduction in the relative numbers of plaques on CV1 and HeLa cells compared with wild-type virus. The
deletions borne by the mutant genomes were mapped to the region encoding the amino terminus of VP1. That
these lesions were responsible for the mutant phenotypes was substantiated by reintroduction of the sequenced
lesions into a wild-type poliovirus cDNA by deoxyoligonucleotide-directed mutagenesis. The deletion of
nucleotides encoding amino acids 8 and 9 of VP1 was responsible for the VPl-101 phenotype; the VP1-102
defect was caused by the deletion of the sequences encoding the first four amino acids of VP1. The peptide
sequence at the VP1-VP3 proteolytic cleavage site was altered from glutamine-glycine to glutamine-methionine
in VP1-102; this apparently did not alter the proteolytic cleavage pattern. The biochemical defects resulting
from these mutations are discussed in the accompanying report (Kirkegaard, J. Virol. 64:195-206, 1990).

The genetic analysis of RNA viruses has, until recently,
been hampered by the lack of defined mutants. The discov-
ery that full-length cDNA replicas ofRNA viral genomes can
initiate authentic viral infections either as DNA molecules
(44, 55) or when transcribed into RNA in vitro (2) has made
it possible to construct and characterize mutations in RNA
genomes on the DNA level. Viral mutants whose phenotypic
defects can be unambiguously traced to known mutations
provide powerful tools with which to study individual ge-
netic loci and the function of individual viral proteins. In
addition, the availability of defined viral mutants enables the
study of genetic processes in RNA viruses, such as recom-
bination (22) and complementation (1, 5) between viral
genomes.

Infectious cDNA clones have been constructed for other
strains and serotypes of poliovirus (29, 44) and for picoma-
viruses such as coxsackie B3 virus (20) and hepatitis A virus
(6). Infectious RNA can be transcribed directly from cDNA
clones of several picornaviruses (12, 37, 57). Infectious RNA
has also been made in vitro from cDNA clones ofmany other
positive-strand RNA viruses, including Sindbis virus (48),
black beetle virus (10), and several plant viruses (2, 3, 32).
Full-length cDNA clones of Q,B RNA phage and their
transcripts have been shown to be infectious upon transfec-
tion. into Q,'s Escherichia coli host (51, 55). Infectious
cDNAs and RNAs have also been made from satellite RNAs
of plant viruses (7, 52) and from RNA viroids (9, 35, 58). In
principle, mutagenesis strategies that are useful for the study
of one RNA genome will prove advantageous for others as
well.
The positive-strand RNA genome of poliovirus consists of

approximately 7,500 nucleotides and encodes one large open
reading frame that is translated into a 220-kilodalton (kDa)
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protein. This polyprotein is subsequently processed into
numerous polypeptides (24, 49), including the viral capsid
proteins, the viral RNA-dependent RNA polymerase, and
several other proteins required for replication of the virus or
for interactions with its host cell.
Many poliovirus mutants displaying interesting pheno-

types, such as temperature sensitivity or drug resistance,
have been identified by genetic screens or selections (8). In
a few cases, the mutation or mutations responsible for the
observed phenotypes have been identified by reconstructing
the suspected lesion into an otherwise wild-type infectious
cDNA clone and showing that the original phenotype was
restored. Many of the mutations thus identified have been
single-nucleotide substitutions. For example, it was shown
that several combinations of two point mutations in 2C can
confer resistance to guanidine (43), that a single-base dele-
tion in the 5' noncoding region can confer dactinomycin
sensitivity (46), and that a single-nucleotide change in the 5'
noncoding region causes pronounced changes in the neuro-
virulence of type III poliovirus (14). Given the high misin-
corporation rate of the RNA-dependent RNA polymerases
of most RNA viruses (54) and of poliovirus in particular (59),
a certain amount of genetic instability of mutant viruses
bearing single-nucleotide substitutions is expected. Thus,
mutants bearing point mutations in RNA genomes can

display high levels of genotypic reversion.
Site-directed mutagenesis techniques employed with the

infectious poliovirus cDNA have included inserting oligode-
oxynucleotide linkers into specific restriction sites (11, 26,
31, 50), modifying restriction sites to create specific inser-
tions and deletions (5), and introducing single-nucleotide
substitutions either with individual oligodeoxynucleotides
(30, 42) or with mutagenic oligodeoxynucleotide "cassettes"
(27). Although a variety of viable poliovirus mutants have
been obtained from these methods, most mutated cDNA
molecules that are made by site-directed mutagenesis tech-
niques have given rise to either phenotypically wild-type or
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inviable virus. Thus, the isolation of conditional, viable
mutants can be laborious.
To avoid techniques that introduce individual directed

mutations, circumvent the genetic instability associated with
point mutations, and retain the advantage of genetic selec-
tion for specific viral phenotypes, we introduced random
small deletions into an infectious poliovirus cDNA. In prin-
ciple, deletion mutations should display a negligible level of
reversion to a precisely wild-type sequence. Introduced
randomly, there should be enough variability in the muta-
genized population to allow a large number of deletion
mutants to be screened for desired phenotypes. Further-
more, deletions as small as 2 nucleotides in length can be
quite efficiently mapped in a 7,500-nucleotide genome on
either the DNA or RNA level. We used a strategy to
generate small random deletions in double-stranded circular
DNA molecules, to map the introduced lesions, and to
screen for and characterize the resulting mutant RNA vi-
ruses.

MATERIALS AND METHODS

Cells and viruses. Wild-type Mahoney type 1 poliovirus
used in these experiments was derived from a single plaque,
resulting from transfection of the infectious viral cDNA
described by Racaniello and Baltimore (44). The nomencla-
ture for viral mutants suggested by Bernstein et al. (5) was

employed. Virus preparations made from initial isolates,
before the lesions were demonstrated to be responsible for
the mutant phenotypes, are referred to by their final name
with a lowercase i added.
HeLa cells were grown either in suspension in minimal

essential medium, Joklik modification, supplemented with
7% horse serum (GIBCO Laboratories) or in petri dishes in
Dulbecco modified Eagle medium (DME) supplemented with
10% calf serum (GIBCO Laboratories). Cos-1 cells (16) were
obtained from R. Mulligan (Whitehead Institute). CV1 cells
(African green monkey kidney cells) were also maintained in
DME with 10% calf serum. High-titer virus stocks were

prepared by infecting HeLa cells in petri dishes at 37°C for
wild-type poliovirus and VP1-101 and at 32.5°C for VP1-102.
Plaque assays were performed as described before (22);
incubations at 37°C and 39.5°C were continued for 44 h, and
those at 32.5°C were for 72 h unless otherwise indicated.

Deletion mutagenesis of infectious cDNA. pPolio, a 10-
kilobase-pair (kb) plasmid used as the wild-type parent for
deletion mutagenesis, was derived from pSV2polio (V. Ra-
caniello, Columbia University) by the deletion of polyade-
nylation sequences originally contained within the pSV2
plasmid (38).
Only preparations of pPolio DNA that were more than

90% covalently closed were used. Solutions containing 50 ,ug
of pPolio DNA per ml, 20 ,g of ethidium bromide (Boehring-
er-Mannheim) per ml, 10 mM Tris-OH (pH 7.5), and 2 mM
MgCl2 were incubated for 10 min at 25°C with pancreatic
DNase I (Boehringer-Mannheim) at concentrations ranging
from 0.02 to 20 ,ug/ml. Reaction products were analyzed by
agarose gel electrophoresis; DNase I conditions that yielded
80 to 90% nicked molecules were chosen for preparative
digests of 100 jig of DNA. The resulting DNA molecules
were singly nicked by this treatment because the rate of
DNase I cleavage of a nicked molecule is much lower than
cleavage of a covalently closed molecule at such high
concentrations of ethidium bromide (4). The preparative
DNase I reaction was stopped by the addition ofEDTA to 10
mM. Nicked molecules were then separated from unreacted,

covalently closed molecules by CsCl-ethidium bromide den-
sity gradient centrifugation. Nicked DNA was removed from
the gradient, and the CsCl and ethidium bromide were
extracted by standard methods (33).

Purified nicked DNA was split into four samples for
exonuclease reactions with T4 DNA polymerase (Bethesda
Research Laboratories), each reaction mix containing a
different single dNTP. One-hundred-microliter solutions
containing 20 ,ug of nicked DNA, 0.1 mM dNTP, 70 mM
Tris-OH (pH 7.5), 10mM MgCl2, 5 mM dithiothreitol, and 12
U of T4 DNA polymerase were incubated at 37°C for 30 min
before EDTA was added to 25 mM, and the four solutions
were pooled and extracted with phenol. The gapped DNA
was collected by ethanol precipitation, rinsed with 70%
ethanol, and redissolved in TE (10 mM Tris-OH [pH 8.0], 1
mM EDTA).
The gapped DNA was treated with mung bean nuclease in

reactions containing 50 ,ug of DNA per ml, 50 mM sodium
acetate (pH 5.0), 30 mM NaCl, and 1 mM ZnSO4 for 30 min
at 30°C. Nuclease concentrations were varied from 0.002 to
0.1 U/ml to find the optimal conditions to convert gapped but
not nicked circular double-stranded DNA to linear form;
0.01 U/ml was usually the optimal concentration. Following
nuclease treatment, the 10-kb linear DNA was purified by
preparative agarose gel electrophoresis and extracted from
the low-melting-point agarose by phenol extraction. The
purified double-stranded linear DNA was circularized by T4
DNA ligase (Boehringer-Mannheim) and transformed into
competent E. coli HB101 cells by standard methods.
The DNA plasmids borne by the resulting ampicillin-

resistant bacterial colonies were analyzed either individually
or in pools. Colonies that were analyzed individually were
picked, and minipreparations of their plasmid DNA were
analyzed to screen for those bearing apparently full-length
plasmids. Larger preparations of those plasmids were made
by standard methods (33). Pooled plasmid preparations were
made by washing the bacterial contents of several ampicillin-
containing plates (approximately 2,000 colonies) into 350 ml
of LB bacterial growth medium containing ampicillin (40
,g/ml). After 30 min of incubation at 37°C with shaking,
chloramphenicol was added to 12.5 ,ug/ml. The incubation
was continued overnight, and the pooled plasmid prepara-
tion was made as for a standard plasmid preparation.

Screening for poliovirus mutants. Transfections of DNA
were performed at 37°C with DEAE-dextran (53), and the
plates were subsequently shifted to the appropriate incuba-
tion temperature. Four standard conditions were used:
HeLa cells at 32.5 and 39.5°C and Cos-1 cells at 32.5 and
39.5°C. The virus isolate was then analyzed by plaque assay
on HeLa and CV1 cells at 32.5 and 39.5°C to identify any
phenotypic differences from wild-type virus.

Viral plaques resulting from transfections of pooled mu-
tant plasmid DNAs were picked into individual tubes, 0.5 ml
of phosphate-buffered saline (PBS) was added, and the virus
was released by freezing and thawing. Several hundred
plaques were picked for each of the four conditions and
screened for any deviation from wild-type phenotype by the
dilution and time dependence of the complete lysis of
individual monolayers in 96-well microtiter dishes (Corning)
containing either CV1 or HeLa cells at the two different
temperatures. Suspected host range, temperature-sensitive,
or cold-sensitive mutants were further plaque purified, and
their phenotypes were confirmed by plaque assay. Approx-
imately 1 in 100 viruses picked displayed some variety of
mutant phenotype.

Identification of small deletions in DNA plasmids by hetero-
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duplex mapping. To find a small deletion in a 10-kb DNA
plasmid encoding a mutant poliovirus, 5 ,ug of the mutant
DNA was digested with a restriction enzyme that yielded
fragments ranging in size from 100 to 1,200 base pairs. A
similar digest of wild-type plasmid DNA was also prepared
and labeled at either the 5' or 3' end with 32P by standard
methods (34). After phenol extraction and collection by
ethanol precipitation, the mutant DNA and 1 ,ug of the
labeled wild-type DNA were mixed, denatured, reannealed
in formamide, and collected by ethanol precipitation as
described before (23). Electrophoresis to detect the retarda-
tion of heteroduplex DNA containing single-stranded loops
was performed on 6 to 8% polyacrylamide gels, polymerized
with a mixture of acrylamide and bisacrylamide (29:1).
Electrophoresis was carried out at 10 V/cm for 12 h in
Tris-borate buffer (33). Two different digests were analyzed
simultaneously to ensure that the deletion would be repre-
sented on a DNA fragment of the appropriate size. Once the
small deletion had been localized to within 200 to 300 base
pairs, the nucleotide sequence was determined by chemical
sequencing (34). The 6-nucleotide deletion in VP1-101 was
identified by sequencing a uniquely end-labeled DNA frag-
ment derived from VP1-101 DNA spanning nucleotides 2243
to 2550 in the poliovirus genome (24, 45).

Identification of small deletions in RNAs by RNase map-
ping. Total cytoplasmic RNA from uninfected and poliovi-
rus-infected cells was prepared (23). Individual samples,
each containing RNA from 106 cells, were hybridized with
different 32P-labeled RNA molecules, transcribed from the
plasmids described below. Hybridization, treatment with
RNases A and T1, proteinase K digestion, phenol extraction,
and display on denaturing polyacrylamide gels to map any
deletions in the viral RNA were done as described before
(64) with minor modifications (22).
A set of plasmids was constructed so that transcription

from the SP6 promoter in each plasmid resulted in RNA
molecules complementary to the positive strand of wild-type
Mahoney type 1 poliovirus. These plasmids can direct the
transcription of overlapping RNA molecules with negative-
strand sequences from 7440 to 1, 6516 to 1, 6304 to 4886,
5823 to 2978, 4886 to 1, 4085 to 3417, 3551 to 1, 2978 to 1,
2546 to 1, 1809 to 1, 1127 to 1, and 797 to 1. The length of
negative-strand RNA made was varied by digesting the
template DNA molecules with different restriction enzymes;
RNA molecules used as probes were usually 800 nucleotides
or less in length, so that the original molecules and their
digestion products could be resolved during electrophoresis
on 6% polyacrylamide gels containing 8 M urea (34).
Once a deletion had been roughly mapped on the viral

genome, its exact location and sequence were determined.
The 12-nucleotide deletion in VP1-102 was sequenced by
base-specific chemical cleavage (34) of cDNA made by
reverse transcriptase-catalyzed extension of a synthetic oli-
godeoxynucleotide labeled with 32P at its 5' end (47). The
primer, CCGTTTCACGGACTG, was complementary to
nucleotides 2534 to 2548 in the wild-type poliovirus genome
and was synthesized by C. Riser (Whitehead Institute).

Reconstruction of deletions into wild-type cDNA. Oligode-
oxynucleotides for site-directed deletion mutagenesis were
designed to be complementary to VP1-101 and VP1-102
virion RNAs. Oligos 114C (CTGTGTTGTCAATTTCAAG
CATCTGACC) and 487C (CATGCTTTCAAGCATCTGT
GCTAGCGCT), for VP1-101 and VP1-102, respectively,
were synthesized by J. Binkley (University of Colorado).
Gapped duplex DNA molecules (36) were prepared to

expose nucleotides 1 to 2978 in the poliovirus cDNA in

single-stranded regions. pGEM3 DNA plasmids (Promega
Biotec) with and without nucleotides 1 to 2978 (Sacl to AvaI
sites in pSV2polio) were grown in E. coli hosts of dam and
dam' genotypes, respectively. The plasmids were linearized
with different restriction enzymes, denatured, and rean-
nealed. The gapped duplex molecules were the only circular
species resulting from this treatment and thus could be
purified by preparative agarose gel electrophoresis.

Oligodeoxynucleotide hybridization, DNA polymeriza-
tion, ligation, and transformation into a dam' host were
performed as described by Fritz (15). The resulting bacterial
colonies were immobilized on nitrocellulose filters (33).
Positive colonies were detected by hybridization to the
labeled mutagenic oligodeoxynucleotides in the presence of
tetramethylammonium chloride (61). The presence of either
the VP1-101 or VP1-102 deletion in several of the resulting
plasmids was confirmed by restriction mapping and sequenc-
ing.
DNA fragments bearing poliovirus cDNA nucleotides 1 to

2954 from each of the mutant plasmid types were cloned into
pPolio, replacing the wild-type sequences. The resulting
full-length cDNAs were named pVP1-101 and pVP1-102 and
shown to be infectious by transfection and plaque assay as
described above.

Analysis of virus-specific protein synthesis. Monolayers of
CV1 cells in 100-mm tissue culture dishes (Coming) were
infected with wild-type or mutant poliovirus at a multiplicity
of infection (MOI) of 50 PFU/cell. At the indicated times
postinfection, the medium was removed, the cells were
washed with PBS, and 2 ml of methionine-free DME con-
taining 100 11Ci of [35S]methionine (New England Nuclear
Corp.) per ml was added to each plate. Incubation was
continued for the indicated times, after which the medium
was removed, and the cells were washed with PBS, scraped
from the dishes, and collected by centrifugation at 800 x g
for 10 min. Cells from each plate were individually resus-
pended in 0.5 ml of a solution containing 50 mM Tris-OH
(pH 8.0), 5 mM EDTA, 150 mM NaCl, 0.5% Nonidet P-40,
and 0.1% phenylmethylsulfonyl fluoride. Following incuba-
tion on ice for 15 min, samples were centrifuged for 10 min
(1,200 x g, 4°C), and the supematants were analyzed by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis by the method of Laemmli (29).

RESULTS
Random deletion mutagenesis of poliovirus cDNA. A muta-

genesis method was used to introduce random small dele-
tions into a 10-kb plasmid, designated pPolio, that contains a
complete cDNA copy of the poliovirus RNA genome and is
infectious upon transfection into mammalian cells. The
plasmid pPolio contains the simian virus 40 promoter and
enhancer sequences upstream from the 7.5-kb poliovirus
cDNA and, in addition, sequences from pBR322 conferring
ampicillin resistance and the ability to replicate in E. coli.
The mutagenesis procedure described here is similar to that
used by Hearing and Shenk (18), except that deletions were
introduced randomly into the plasmid DNA and rapid map-
ping methods were employed. As shown schematically in
Fig. 1, this random deletion mutagenesis should yield a
population of circular DNA molecules in which each mole-
cule contains one, and only one, small deletion. The ran-
domly mutagenized DNA molecules were then screened for
those encoding conditionally defective poliovirus RNA ge-
nomes.
Mutagenesis was initiated randomly (13) within the super-

coiled DNA plasmids by the action of pancreatic DNase I.
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Polio cDNA plasmid

Nick randomly with DNAase I

Form gop with T4 DNA dAT P
polymerase dTsPJ ,G

(3' to 5' exonuclease / p

5' to 3' polymerase)

Lineorize with mung beon nuclease
Gel purify full-length linear

Ligate, transform (co/i
Anolyze individual colonies

FIG. 1. Scheme for generating a population of DNA plasmids,
each containing a single mutation. The triangles denote small
deletions introduced into both strands of the plasmid DNA mole-
cules. The 5' phosphate and 3' hydroxyl termini created by DNase
I and T4 polymerase/exonuclease are indicated.

T4 DNA polymerase was used to convert the unique single-
stranded nicks in each DNA molecule into short single-
stranded gaps (Materials and Methods). Phosphodiester
bonds exposed by even very short single-stranded gaps are
much more sensitive to cleavage by mung bean single-
strand-specific nuclease than those opposite single-stranded
nicks (25); gapped molecules could thus be selectively and
quantitatively converted to duplex linear molecules by mung
bean nuclease. These approximately full-length linear mole-
cules were then purified by preparative agarose gel electro-
phoresis, made circular by the action of T4 DNA ligase, and
used to transform competent E. coli cells. The resulting
ampicillin-resistant colonies each contained a 10-kb plasmid
bearing a single small deletion. The small deletions borne by
several randomly selected plasmids were mapped and se-

quenced (data not shown). The deletions ranged in size from
2 to 21 base pairs and were located at diverse positions
throughout the plasmid sequence, as expected from the
method of introduction.
These mutagenized plasmids were subsequently screened

to find those encoding poliovirus genomes with conditionally
expressed phenotypes. Screens for mutant viruses were
performed by transfecting both individual plasmid DNA
preparations and pools of mutated plasmid DNA into mam-
malian cells as described below.

Isolation and mapping of host range mutant VP1-lOli by
screening individual mutated plasmids and heteroduplex map-
ping of mutant cDNAs. Ampicillin-resistant colonies contain-
ing individual mutated 10-kb plasmids were picked and
amplified, and the plasmid DNAs were purified. To test
whether a particular plasmid encoded a poliovirus genome
that was viable under any of our standard laboratory growth
conditions, each DNA preparation was transfected into both
HeLa and Cos-1 cells at 32.5 and 39.5°C. Any resulting
viruses were plaque purified and analyzed by plaque assay
for the display of conditional phenotypes such as heat or

cold sensitivity or different efficiencies of plaque formation
on different cell lines. As expected from the random location
and size of the introduced lesions, only 15% of the plasmids
gave rise to virus under any condition, and of the individual
viruses isolated, only about 10% displayed a mutant pheno-
type. One such mutant, isolate VP1-101i, showed a fivefold
reduction in the number of plaques formed on CV1 cells
relative to HeLa cells compared with wild-type virus, an
effect more pronounced at 39.5°C than at lower tempera-
tures. The plaque phenotype of this mutant will be discussed
in a later section.

Small deletions can be mapped readily even when present
in large plasmids by taking advantage of the altered electro-
phoretic mobility of DNA duplexes containing small single-
stranded loops in polyacrylamide gels (19, 23, 56). For
example, to determine the location of the small deletion in
the plasmid DNA (designated pPolioVP1-101i) encoding
viral isolate VP1-101i, heteroduplexes between pPolioVP1-
101i DNA and wild-type pPolio plasmid DNA were prepared
as diagramed in Fig. 2A and displayed in Fig. 2B. pPolio
DNA was digested with HpaII restriction enzyme, and the 3'
ends of the resulting fragments were labeled with 32P by
standard methods (34). The labeled fragments were dena-
tured and reannealed in the presence of a fivefold molar
excess of unlabeled HpaII-digested pPolioVP1-10li DNA.
Thus, almost all of the 32P-labeled strands were present in
heteroduplex molecules following reannealing. The mobili-
ties of almost all the labeled heteroduplex fragments re-
mained identical with those of the homoduplex fragments.
However, the heteroduplex fragments containing small sin-
gle-stranded loops migrated more slowly during polyacryl-
amide gel electrophoresis, identifying the fragment bearing
the deletion in the pPolioVP1-101i DNA. The heteroduplex
fragments migrated as a doublet in lane 2 (Fig. 2B) because
there were two species of heteroduplex, depending on which
of the two wild-type complementary strands was present in
the single-stranded loop (Fig. 2A; data not shown). As
shown in Fig. 2B, the small deletion in pPolioVP1-101i DNA
was localized to a 474-base-pair BamHI-HpaII fragment
corresponding to nucleotides 2129 to 2603 in the poliovirus
genome. Sequencing of this region showed that 6 nucleo-
tides, from 2503 to 2508 inclusively, were deleted in
pPolioVP1-101i DNA (termed VP1-101 in Fig. 4).

Isolation and mapping of host range mutant VPl-102i by
screening pooled mutated cDNAs and RNase protection of
mutant viral RNA. To screen many mutant cDNAs simulta-
neously, pooled preparations of mutagenized plasmid DNA,
each containing DNA derived from several hundred individ-
ual mutant plasmids, were transfected into HeLa, Cos-1, and
CV1 cells at both 32.5 and 39.5°C. Approximately 500
individual viral plaques, representing individual viral ge-
nomes, were picked from each of these sets of transfections
and further screened by assays in microtiter dishes for
heat-sensitive, cold-sensitive, and host range phenotypes.
Several poliovirus mutants were isolated in this way. One
such mutant, isolate VP1-102i, was found to have a host
range phenotype similar to that displayed by VP1-lOli, only
more dramatic. Viral isolate VP1-102i showed a 13-fold
reduction in the relative number of plaques formed on CV1
cells at both 32.5 and 39.5°C, and at 39.5°C the plaques
formed on CV1 cells were extremely small.
Mapping deletions in mutant viruses, such as VP1-102i,

isolated by this pooled-transfection protocol must be done at
the RNA level, because it is clearly very difficult to deter-
mine from which DNA plasmid the genome of any particular
viral isolate was derived. Small deletions in viral RNA can
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FIG. 3. Autoradiograph of a denaturing polyacrylamide gel dis-
playing the mapping of the small deletion in VP1-102i RNA. Lane 1,
Uniformly 32P-labeled RNA containing sequences from 2292 to 2546
of the poliovirus genome as well as extraneous sequences derived
from the DNA plasmid from which the RNA was transcribed by SP6
polymerase. Lane 2, 32P-labeled RNA after hybridization to a

preparation of cytoplasmic RNA from mock-infected HeLa cells
and treatment with RNases A and Tl. Lane 3, 32P-labeled RNA
protected from RNase digestion by hybridization to cytoplasmic
RNA from wild-type-poliovirus-infected extracts. Lane 4, RNA
protected from RNase digestion by hybridization to cytoplasmic
RNA from VP1-lOli-infected extracts. Lane 5, RNA protected from
RNases by hybridization to RNA from VP1-102i-infected extracts.
The sizes (in nucleotides) and electrophoretic mobilities of single-
stranded DNA fragments are marked.

-474
o-

-224

FIG. 2. (A) Diagram of protocol for mapping small deletions in
DNA plasmids by using the retardation of fragments containing
single-stranded loops as an assay. (B) Autoradiograph of polyacryl-
amide gel displaying mapping of the small deletion contained in
VP1-lOli. Lane 1, DNA fragments resulting from HpaII digest of
pPolio, 3'-end labeled with 32p, as denoted by the asterisks in panel
A. Lane 2, Heteroduplexes formed by annealing HpaII-digested,
32P-labeled wild-type (wt) pPolio and unlabeled HpaII-digested
pVP1-lOli DNA. Lane 3, Wild-type HpaII digest, as in lane 1,
further digested with BamHI. Lane 4, Wild type-pVP1-lOli hetero-
duplexes, as in lane 2, further digested with BamHI. The sizes of
certain wild-type DNA fragments are indicated (in base pairs).

be readily located by using the RNase protection technique
first described by Zinn et al. (64). To locate the small
deletion in the viral RNA from isolate VP1-102i, total
cytoplasmic RNA was prepared from mutant-poliovirus-
infected cells. This RNA was hybridized with 32P-labeled
negative-sense RNA molecules transcribed in vitro from
plasmids containing wild-type poliovirus cDNA sequences
and promoters for SP6 RNA polymerase. Hybridization of

the positive-sense mutant virion RNA present in the cyto-
plasmic extracts to the labeled complementary molecules
protected the labeled negative strands from the subsequent
action of single-strand-specific RNases A and T1. The single-
stranded loop formed in the labeled transcript opposite the
small deletion on the mutant RNA was sensitive to RNase
treatment; the altered sizes of the two resulting pieces of
labeled RNA were visualized by denaturing gel electropho-
resis and used to identify the location of the deletion
mutation.
A representative experiment showing the mapping of the

small deletion in the genomes of viral isolates VP1-lOli and
VP1-102i is shown in Fig. 3. Labeled DNA restriction
fragments were used to determine the approximate sizes of
the labeled RNA fragments following denaturing polyacryl-
amide gel electrophoresis. Lane 1 displays an untreated
negative-strand RNA transcript approximately 320 nucleo-
tides long, containing sequences complementary to nucleo-
tides 2292 to 2546 of the poliovirus genome, as well as

sequences transcribed from other plasmid sequences. Lane 2
shows the total disappearance of these RNA molecules upon
hybridization to cytoplasmic RNA prepared from uninfected
HeLa cell extracts and subsequent RNase treatment. The
RNA fragment in lane 3 resulted from protection of most of
the labeled probe by sequences 2292 to 2546 of the wild-type
poliovirus genome and migrated consistently with its pre-
dicted size of 254 nucleotides. RNA prepared from VP1-

1 234 5

344

-150

75
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WILD TYPE GENOME
PROTEIN
AMINO
ACID NO.

VPI -101 GENOME GCG CUA GCA CAG GGG UUA GGU CAG AUG CUU GAA
PROTEIN ALA LEU ALA GLN GLY LEU GLY GLN MET LEU GLU

VPI- 102 GENOME GCG CUA GCA CAG
PROTEIN ALA LEU ALA GLN

AUU GAC AAC ACA GUC
ILE ASP ASN THR VAL

AUG CUU GAA AGC AUG AUU GAC AAC ACA GUC
MET LEU GLU SER MET ILE ASP ASN THR VAL

FIG. 4. Sequences of poliovirus RNA and the viral proteins in the region encoding the carboxyl terminus of VP3 and the amino terminus
of VP1. The peptide bond cleaved in wild-type poliovirus infections is indicated by a dotted line. The deletions in mutants VP1-101 (isolate
VP1-lOli) and VP1-102 (isolate VP1-102i) are shown.

lOi-infected cells protected two smaller fragments of the
labeled RNA molecule, approximately 200 and 40 nucleo-
tides long (lane 4), positioning the VP1-lOli lesion near
either nucleotide 2332 or nucleotide 2492 in the poliovirus
genome. Similarly, the approximately 180- and 60-nucleotide
fragments protected by VP1-102i RNA (lane 5) showed that
the deletion was near either nucleotide 2352 or 2472 in the
viral genome. The ambiguities in mapping were resolved by
the sizes of protected RNA molecules with other RNA
probes, and the precise lesions were then determined by
sequencing (see Materials and Methods section). As dis-
cussed previously, the deletion in isolate VP1-lOli spanned
nucleotides 2503 to 2508. A 12-nucleotide deletion in viral
isolate VP1-102i was found to be nearby and to span nucle-
otides 2482 to 2493. The wild-type and mutant sequences in
this region of the poliovirus genome are shown in Fig. 4; the
VP1-102i sequence is termed VP1-102 in the figure. These
sequences encode the amino terminus of VP1, one of the
viral capsid proteins.
The 12-nucleotide deletion in isolate VP1-102i is predicted

to remove the four extreme amino-terminal residues of VP1.
It might be expected that some aspect of proteolytic pro-
cessing would be altered in this mutant, since the polypep-
tide bond linking the mutant VP1 and VP3 before proteolysis
should be altered from the canonical glutamine-glycine (40)
to a glutamine-methionine bond. Figure 5 displays the virus-
specific proteins made in CV1 cells infected with wild-type
and mutant poliovirus. The bands corresponding to individ-
ual capsid proteins were identified by their comigration with
[35SJmethionine-labeled proteins from purified virions and
their absence from labeled mock-infected cells (not shown).
Lanes 1 and 2 show proteins of VP1-lOli- and wild-type
poliovirus-infected cells, respectively, labeled with [35S]
methionine from 3 to 4 h postinfection at 39.5°C. Lanes 3 and
4 show VP1-102i- and wild-type-infected cells labeled from
2.5 to 3.5 h postinfection at 39.5°C. The electrophoretic
mobilities of both mutant VPls differed slightly from that of
wild-type VP1 in this SDS-polyacrylamide gel. The de-
creased mobility of VP1 in VP1-102i-infected cells was
reproducible and may follow from a difference in detergent
binding; the mutant VP1 is presumably slightly smaller than
wild-type VP1. The altered mobility of VP1 from VP1-
102i-infected cells was seen in several plaque isolates of the
reconstructed mutant VP1-102 as well (see next section). It
is clear, however, that the mobility of VP3 appeared to be
unaltered in extracts from either VP1-lOli- or VP1-102i-

infected cells and that substantial VP1-VP3 cleavage oc-
curred even under these nonpermissive conditions for the
two mutants. Thus, despite the alterations near the VP1-VP3
cleavage border in both viral mutants, VP1-VP3 cleavage
can occur, possibly at the same site as in the wild-type
proteins. In particular, in VP1-102i-infected cells, the pre-
dicted VP1-VP3 cleavage border was changed to a glu-
tamine-methionine peptide bond. The polypeptide products
have not been sequenced to determine the actual cleavage
sites, but there are no other glutamine-glycine sites in the
region. Thus, since the electrophoretic mobility of VP3
appeared to be normal (lanes 3 and 4), the proteolytic
cleavage occurred at either the glutamine-methionine bond
or some nearby peptide bond that would have been an even
more unexpected substrate. Differences in the extent of
inhibition of host cell translation in the mutant infections and
in the amount of VP2 in VP1-102i-infected cells (lane 3) can
be seen in Fig. 5; these differences result from differences in
the effective multiplicities of infections and efficiency of viral
assembly, effects that are discussed in the accompanying
paper (21).

Evidence that the host range phenotypes of isolates VP1-lOli
and VP1-102i are caused by the small deletions. To demon-

1 2 34

-VP1
VP2
VP3

FIG. 5. Autoradiograph of an SDS-polyacrylamide gel displaying
the proteins made in wild-type- and mutant-infected CV1 cells. Lane
1, Soluble proteins from wild-type-poliovirus-infected cells, labeled
with [35S]methionine from 3 to 4 h postinfection at 37°C. Lane 2,
Proteins from VP1-lOli-infected cells, labeled as in lane 1. Lane 3,
Proteins from VP1-102i-infected cells, labeled from 3.5 to 4.5 h
postinfection at 39.5°C. Lane 4, Proteins from wild-type-infected
cells, labeled as in lane 3. The bands corresponding to wild-type
VP1, VP2, and VP3 are specified.

VP3' VPI
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FIG. 6. Plaque phenotypes of wild-type, VP1-101i, VP1-101, VP1-102i, and VP1-102 viruses on HeLa and CV1 cells at 39.50C. The ratios
of the number of plaques formed on HeLa cells to the number formed on CV1 cells for the wild-type and mutant viruses are given in the
column at right. Relative concentrations of the viral inocula are indicated above the columns of petri dishes.

strate that a mutant phenotype results from any particular
mutation, it is necessary to "cross" that mutation biochem-
ically or genetically into a wild-type genetic background and
then to show that the mutant phenotype is retained. This is
particularly important in the analysis of mutations in an
RNA genome because the extremely high error rate of
RNA-dependent RNA polymerases can lead to a high inci-
dence of point mutations in viral stocks. The reappearance
of a mutant phenotype following reconstruction of the sus-
pected mutation into a wild-type genetic background does
not, of course, strictly prove that the mutation is responsible
for the mutant phenotype, a possibility that can only be ruled
out by sequencing the entire genomic RNA from several
plaque isolates. However, we consider the presence of a
mutant phenotype in a poliovirus genome deliberately recon-
structed with a candidate mutation strong evidence that the
mutation is responsible for the mutant phenotype.
To determine whether the conditional phenotypes of mu-

tant poliovirus isolates VP1-lOli and VP1-102i were caused
by the small deletions they bear or by some other unknown
mutations elsewhere in the genome, the deletions were
individually reconstructed into a DNA plasmid (pCAP) that
contained only the first 2978 nucleotides of the wild-type
poliovirus cDNA clone. Two DNA oligonucleotides, each 28
nucleotides in length, were designed to be complementary to
the genomic strands of isolates VP1-lOli and VP1-102i in the
regions of VP1-encoding sequence where the mutants were
known to differ from the wild type. These DNA oligonucle-
otides were used to introduce the specific deletions into the
pCAP DNA. Plasmid DNA was prepared from those bacte-
rial colonies that stably hybridized with the DNA oligonu-
cleotides and thus contained the deletions. The presence of
the deletions was confirmed by sequencing, and duplicates

of the newly mutant sequences were reconstructed into
plasmids containing full-length poliovirus cDNA sequences.
These full-length plasmids, as well as their wild-type

parent, pPolio, were transfected into HeLa cells at 32.5 and
39.5°C. Several viral plaques from each transfection were
picked, and the phenotypes of the viruses therein were
determined by plaque assay. The phenotypes of these vi-
ruses at 39.5°C, the condition under which the mutant
phenotypes are most apparent, are shown in Fig. 6.
The DNA oligonucleotide-directed reconstruction of the

deletion mutation in viral isolate VP1-lOli conferred the
phenotype on HeLa and CV1 cells observed in the original
isolate. Thus, the location of the lesion responsible for the
host range phenotype of isolate VP1-lOli was substantiated,
and this mutant was renamed VP1-101. At 39.5°C, VP1-101
showed a fivefold plaque reduction phenotype on CV1 cells
relative to HeLa cells compared with wild-type virus. The
plaques formed on both HeLa and CV1 cells were smaller
than those formed by wild-type poliovirus (Fig. 6). Reduc-
tion of the number of plaques formed on CV1 cells was
observed at 32.5 and 37°C as well, but the effect was less
pronounced. Plaques isolated from either CV1 cells or HeLa
cells infected with VP1-101, when recounted, displayed the
mutant phenotype, indicating that the plaques formed under
nonpermissive conditions on CV1 cells were not revertants
and that the mutation was genetically stable.

Reconstruction of the 12-nucleotide deletion found in the
RNA of viral isolate VP1-102i also recreated the phenotype
of the original isolate (Fig. 6). Therefore, the 12-nucleotide
deletion is probably responsible for both the small-plaque
and the 13-fold-plaque-reduction phenotypes on CV1 cells
observed in the original viral isolate, and the mutant was
renamed VP1-102. Plaques formed by VP1-102 at 39.5°C,
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although identifiable, were extremely small and fuzzy in
appearance. The plaque reduction and small-plaque pheno-
types of VP1-102 were equally severe at 37 and 39.5°C and
somewhat less pronounced at 32.5°C (data not shown). Small
plaques picked from VP1-102-infected CV1 cells at all tem-
peratures displayed the mutant phenotype, showing that the
mutation is genetically stable. Large plaques, however,
which formed at 39.5°C on CV1 cells appeared to have lost
the mutant phenotype; these phenotypic revertants appeared
with a frequency of approximately 1 in 10'.

DISCUSSION

We have used a mutagenesis procedure which randomly
introduces one small deletion into a covalently closed dou-
ble-stranded DNA molecule of any size. The mutagenesis
target was an infectious cDNA encoding the RNA genome of
Mahoney type 1 poliovirus. The resulting viral mutants were
screened both individually and in pools for conditional
phenotypes, such as preferential growth on different host
cell lines and temperature sensitivity. Approximately 1% of
the plasmids or viruses screened displayed such a mutant
phenotype.
The deletions carried by the selected viruses could be

rapidly and accurately mapped on either the RNA or DNA
level. For mapping deletions in DNA plasmids, we took
advantage of the observation that double-stranded DNA
fragments containing even very small single-stranded loops
migrate more slowly in polyacrylamide gels than their uni-
formly duplex counterparts. Small single-stranded loops
cause bending in duplex DNA molecules (19; J. Wuerker and
K. Kirkegaard, unpublished), resulting in the observed elec-
trophoretic retardation (17, 62). The effect is readily observ-
able for single-stranded loops as short as 1 nucleotide (19),
embedded in duplex DNA as long as 1,200 base pairs at
several different positions (data not shown), and has proven
useful in mapping all of the several deletions in the poliovirus
cDNA thus far analyzed.
To map small deletions in large RNA molecules, we

adapted the RNase protection method of Zinn et al. (64).
Although it is conceivable that certain loop sequences would
not be cleaved by the combination of single-stranded
RNases A and T1 used in this method, we have not encoun-
tered any. In fact, RNase protection has proven useful in
mapping even certain single-nucleotide mismatches (22, 60).
The identified lesions were reconstructed into an other-

wise wild-type poliovirus cDNA by oligodeoxynucleotide-
directed mutagenesis. For both the mutants reported here,
evidence was obtained that the observed deletions were
responsible for the observed mutant phenotypes. However,
when viruses are selected on the basis of conditional pheno-
types, this is not always the case. We have found, for
example, that spontaneous point mutations are sometimes
responsible for phenotypes observed even following site-
directed mutagenesis (data not shown). Thus, the precaution
of testing any suspected lesion in an otherwise wild-type
genetic background is necessary to show that it causes the
mutant phenotype.
Two deletion mutants and their initial characterization are

described here. VP1-101 and VP1-102 bear 6- and 12-nucle-
otide deletions, respectively, in the sequences encoding the
amino terminus of the viral capsid protein VP1. Both mu-
tants display a significant reduction in titer at 39.5°C on CV1
cells relative to HeLa cells compared with wild-type polio-
virus. One of the mutants, VP1-102, displays a pronounced
reduction in plaque size on CV1 cells as well. As was

expected for deletion mutants, both VP1-101 and VP1-102
are genetically quite stable, displaying very low levels of
phenotypic reversion even following growth under nonper-
missive conditions.
The possibility that a defect in proteolytic processing is

responsible for the mutant phenotypes was suggested by
inspection of the primary sequence changes in the mutants.
The deletions in both VP1-101 and VP1-102 lie very near the
glutamine-glycine peptide bond between VP1 and VP3,
which is cleaved by the viral protease 3C (24). Indeed, the
first four amino acids in the predicted protein sequence of
VP1 from the mutant VP1-102 are deleted, changing the
predicted cleavage site between VP1 and VP3 to a glu-
tamine-methionine peptide bond. However, proteolytic res-
olution of VP1 and VP3 does not appear to be disturbed in
either mutant.
A glutamine-glycine peptide bond is the target of all the

known processing events catalyzed by the 3C protease of
poliovirus during viral infection, and it has been thought that
this sequence is a crucial aspect of substrate recognition by
this protease (40). Biochemical studies of poliovirus protease
3C and its in vitro substrates have suggested that the
glutamine-glycine sequence must be presented in properly
folded protein domains to be recognized by the 3C protease
(63). The presence of uncleaved as well as cleaved glu-
tamine-glycine bonds in the poliovirus polyprotein (24, 45)
confirms that a glutamine-glycine sequence is not sufficient
for substrate recognition. In vitro studies of the action of the
encephalomyocarditis virus 3C protease on the VP3-VP1
cleavage site in its polyprotein showed that the encephalo-
myocarditis virus 3C protease can cleave either glutamine-
glycine or glutamine-alanine at this position (41). In another
picornavirus, hepatitis A virus, the VP1-VP3 cleavage site is
glutamine-methionine (39), as it may be in VP1-102. Here,
we suggest from our in vivo observations that the glutamine-
glycine sequence, in addition to being insufficient for recog-
nition by the poliovirus 3C protease, is also not necessary.
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